INTRODUCTION
============

Quantum coherence lies at the heart of quantum physics. Yet, its presence is subtle to observe, as projective measurements inevitably destroy it. In the context of quantum thermodynamics, this tension becomes apparent in work fluctuations: Whereas projective energy measurements are commonly used to measure them ([@R1], [@R2]), they also lead to work distributions that are independent of the initial coherence in the energy basis. This limitation has motivated alternative proposals for defining and measuring work in purely coherent evolutions ([@R3]--[@R18]), which include Gaussian ([@R5]--[@R8]), weak ([@R14]--[@R16]), and collective measurements (CMs) ([@R17]). These different theoretical proposals aim at reducing the back action induced by projective measurements, thus allowing the preservation of some coherent interference effects. This quest is particularly relevant as, when the system is left unobserved, quantum coherence can play an important role in several thermodynamic tasks, e.g., in work extraction ([@R19], [@R20]) and heat engines ([@R21]--[@R24]). Quantum coherence can be seen as a source of free energy, which is destroyed by projective energy measurements ([@R25], [@R26]).

Here, we report the experimental investigation of reducing quantum measurement back action in work distribution using CMs on two identically prepared qubit states. We implement the proposal of ([@R17]) in an all-optical setup, which can be used to efficiently simulate quantum coherent processes. The standard two-projective energy measurement (TPM) scheme ([@R1], [@R2]) to measure work is also experimentally simulated for comparison. The experimental results show the capability of CM to capture coherent effects and reduce the measurement back action, which is quantified as the fidelity between the probability distributions of the final measured and unmeasured states.

Moreover, the potential application of these results goes beyond quantum thermodynamics, as deterministic CMs play a key role in quantum information, being relevant for numerous tasks such as quantum metrology ([@R27], [@R28]), tomography ([@R29], [@R30]), and state manipulation ([@R31]).

RESULTS
=======

Theoretical framework
---------------------

The scenario considered here consists of a quantum state ρ and a Hamiltonian *H*. The system is taken to be thermally isolated, and it can only be modified by externally driving *H*. We consider processes in which *H* is transformed up to *H*′, and as a consequence, the state evolves under a unitary evolution *U*, ρ → *U*ρ*U*^†^. The average energy for this process is given by$$\langle\mathit{W}\rangle = ~\text{Tr}(\mathit{H}\rho) - \text{Tr}(\mathit{H}\prime\mathit{U}\rho\mathit{U}^{\dagger})$$where the energy difference can be identified with unmeasured average work. However, when one attempts to measure it, the average measured work usually differs from [Eq. 1](#E1){ref-type="disp-formula"} due to measurement back action ([@R1], [@R3], [@R6], [@R17], [@R32]).

In the standard approach to measuring work in quantum systems ([@R1], [@R2]), one implements two energy measurements, of *H* and *H*′, before and after the evolution *U*. More precisely, expanding the Hamiltonians in the bra-ket representation, as *H* = ∑~*i*~*E*~*i*~\|*i*〉〈*i*\| and $\left. \mathit{H}\prime = \sum_{\mathit{j}\prime}\mathit{E}_{\mathit{j}\prime}^{\prime}|\mathit{j}\prime \right\rangle\left\langle \mathit{j}\prime| \right.$, the TPM consists of the following:

1\) Projective measurement of *H* on ρ, yielding outcome *E*~*i*~ with probability ρ~*ii*~ = 〈*i*\|ρ\|*i*〉

2\) A unitary evolution *U* of the postmeasured state, \|*i*〉 → *U*\|*i*〉

3\) A projective measurement of *H*′ on the evolved state, yielding $\mathit{E}_{\mathit{j}}^{\prime}$ with probability $\mathit{p}_{\mathit{i},\mathit{j}\prime} = {|\langle\mathit{j}\prime|\mathit{U}|\mathit{i}\rangle|}^{2}$

The TPM work statistics are then given by the random variable $\mathit{w}^{(\mathit{i}\mathit{j}\prime)} = \mathit{E}_{\mathit{i}} - \mathit{E}_{\mathit{j}\prime}^{\prime}$ with a corresponding probability $\mathit{P}_{\text{TPM}}^{(\mathit{i}\mathit{j}\prime)} = \rho_{\mathit{i}\mathit{i}}\mathit{p}_{\mathit{i},\mathit{j}\prime}$ assigned to the transition \|*i*〉 → \|*j*′〉. The average measured work, $\langle\mathit{W}_{\text{TPM}}\rangle \equiv \sum_{\mathit{i}\mathit{j}}\mathit{P}_{\text{TPM}}^{(\mathit{i}\mathit{j}\prime)}\mathit{w}^{(\mathit{i}\mathit{j}\prime)}$, can be written as$$\langle\mathit{W}_{\text{TPM}}\rangle = ~\text{Tr}(\mathit{H}\mathcal{D}_{\mathit{H}}\lbrack\rho\rbrack) - \text{Tr}(\mathit{H}\prime\mathit{U}\mathcal{D}_{\mathit{H}}\lbrack\rho\rbrack\mathit{U}^{\dagger})$$where $\mathcal{D}_{\mathit{H}}\lbrack\rho\rbrack$ is the dephasing operator, removing all the coherence of ρ, which yields a classical mixture of energy states of *H*. Hence, 〈*W*~TPM~〉 differs from the unmeasured average work in [Eq. 1](#E1){ref-type="disp-formula"} when ρ is coherent (and \[*H*, *U*^†^*H*′*U*\] ≠ 0). Furthermore, the extractable work from $\mathcal{D}_{\mathit{H}}\lbrack\rho\rbrack$ is lower than that from ρ, as the latter is generally more pure. This can be seen by noting that the nonequilibrium free energy, which characterizes the extractable work from a state, decomposes into a contribution arising from $\mathcal{D}_{\mathit{H}}\lbrack\rho\rbrack$ and one from the coherent part of ρ ([@R25], [@R26]) \[see also appendix A of ([@R18])\].

To reduce the back action of the TPM scheme, a CM has been proposed ([@R17]). To describe these measurements, let us now introduce the formalism of generalized measurements, which extends the standard quantum projective measurements. A generalized measurement is defined by a positive operator--valued measure (POVM) ([@R33]), which is a set of non-negative Hermitian operators {*M*^(*i*)^} satisfying the completeness condition $\sum_{\{\mathit{i}\}}\mathit{M}^{(\mathit{w}\mathit{i})} = \mathbb{I}$. Each operator *M*^(*i*)^ is associated to a measurement outcome *w*^(*i*)^ of the experiment. Then, given a quantum state ρ, the probability to obtain the *w*^(*i*)^ is given by the generalized Born rule$$\mathit{P}^{(\mathit{i})} = ~\text{Tr}(\rho\mathit{M}^{(\mathit{i})})$$

Note that the completeness condition ensures that the sum of probability obtained from each outcome *i* is equal to 1. CMs can then be naturally introduced by taking ρ to be a collection of *n* independent systems, ρ = ρ~1~ ⊗ ρ~2~ ⊗ ... ⊗ ρ~*n*~, so that$$\mathit{P}^{(\mathit{i})} = ~\text{Tr}(\rho_{1} \otimes \rho_{2} \otimes \ldots \otimes \rho_{\mathit{n}}\mathit{M}^{(\mathit{i})})$$

That is, the measurement acts globally on the *n* systems. In this work, we consider systems made up of two qubits so that the CMs act globally on a Hilbert space of four dimensions.

At this point, it is useful to express the TPM scheme as a POVM, with elements $\left. \mathit{M}_{\text{TPM}}^{(\mathit{i}\mathit{j}\prime)} = {|\langle\mathit{j}\prime|\mathit{U}|\mathit{i}\rangle|}^{2}|\mathit{i} \right\rangle\left\langle \mathit{i}| \right.$ and probability-assigned $\mathit{P}_{\text{TPM}}^{(\mathit{i}\mathit{j}\prime)} = ~\text{Tr}(\mathit{M}_{\text{TPM}}^{(\mathit{i}\mathit{j}\prime)}\rho)$, where \|*i*〉〈*i*\| denotes a projection on energy basis *i*. On the other hand, the CM scheme is defined by a POVM with elements $\mathit{M}_{\text{CM}}^{(\mathit{i}\mathit{j}\prime)}$ that act on two copies of the state, ρ^⊗2^, with associated probability $\mathit{P}_{\text{CM}}^{(\mathit{i}\mathit{j}\prime)} = ~\text{Tr}(\mathit{M}_{\text{CM}}^{(\mathit{i}\mathit{j}\prime)}\rho^{\otimes 2})$. The POVM elements read$$\left. \mathit{M}_{\text{CM}}^{(\mathit{i}\mathit{j}\prime)} = \mathit{M}_{\text{TPM}}^{(\mathit{i}\mathit{j}\prime)} \otimes \mathbb{I} + \lambda|\mathit{i} \right\rangle\langle\mathit{i}| \otimes \mathit{T}_{\mathit{j}\prime}^{\text{off} - \text{diag}}$$where $\mathit{T}_{\mathit{j}\prime}^{\text{off} - \text{diag}}$ is the off-diagonal part of $\left. \mathit{T}_{\mathit{j}\prime} = \mathit{U}^{\dagger}|\mathit{j}\prime \right\rangle\left\langle \mathit{j}\prime|\mathit{U} \right.$ in the {\|*i*〉} basis. This measurement satisfies two basic properties:

1\) When acting upon states with zero coherence, $\rho = \mathcal{D}(\rho)$, the CM scheme reproduces exactly the same statistics of the standard TPM scheme. This is followed by noting that $\text{Tr}(\mathit{T}_{\mathit{j}\prime}^{\text{off} - \text{diag}}\mathcal{D}(\rho)) = 0$ and $\text{Tr}(\mathcal{D}(\rho)) = 1$ in [Eq. 5](#E5){ref-type="disp-formula"}.

2\) When acting upon general ρ, the second term of [Eq. 5](#E5){ref-type="disp-formula"} brings information about the purely coherent part of the evolution. This can be seen by computing the average measured work, $\langle\mathit{W}_{\text{CM}}\rangle = \sum_{\mathit{i},\mathit{j}\prime}\mathit{w}^{(\mathit{i}\mathit{j}\prime)}\mathit{P}_{\text{CM}}^{(\mathit{i}\mathit{j}\prime)}$, leading to$$\langle\mathit{W}_{\text{CM}}\rangle = (1 - \lambda)\langle\mathit{W}_{\text{TPM}}\rangle + \lambda\langle\mathit{W}\rangle$$

Hence, the parameter λ ∈ \[0, 1\] quantifies the degree of measurement back action. In general, λ is given by an optimization procedure, which is described in Materials and Methods, and it can be controlled in our experiment. We also note that other proposals of work measurements in states with quantum coherence, in particular weak or Gaussian measurements, can interpolate between properties 1 and 2 described above. In the limit of strong (weak) measurements, property 1 (2) is satisfied, whereas for intermediate couplings with the apparatus, a tradeoff appears \[see ([@R5]--[@R8]) for discussions\].

With the probabilities $\mathit{P}^{(\mathit{i}\mathit{j}\prime)}$, which can be obtained by either the TPM or CM scheme, the full work distribution is constructed as$$\mathit{P}(\mathit{w}) = \sum\limits_{\mathit{i}\mathit{j}}\mathit{P}^{(\mathit{i}\mathit{j}\prime)}\delta(\mathit{w} - \mathit{w}^{(\mathit{i}\mathit{j}\prime)})$$where δ is a Dirac delta function, which accounts for possible degeneracies in *w*^(*ij*′)^.

Experimental protocol
---------------------

We consider the experimental realization of the CM in [Eq. 5](#E5){ref-type="disp-formula"} on a two-qubit system in a quantum optics setup. The core idea is to encode the first (second) copy into the path (polarization) degree of freedom of a single photon, as illustrated in [Fig. 1](#F1){ref-type="fig"}. Single photons have degenerate Hamiltonians for both polarization and path degree, i.e., *w*^(*ij*′)^ = 0 for all *i*, *j*′, leading to a priori trivial work distributions *P*(*w*) in [Eq. 7](#E7){ref-type="disp-formula"}. Yet, *P*(*w*) is a coarse-grained version of the transition probabilities $\mathit{P}^{(\mathit{i}\mathit{j}\prime)}$, and the latter contains all information about the quantum stochastic process. Therefore, we focus on $\mathit{P}^{(\mathit{i}\mathit{j}\prime)}$ and attempt to capture the subtle effect of quantum coherence in the process by working on the experimentally, highly nontrivial two-copy space.

![Experimental setup for both CM and TPM schemes.\
The setup is divided into three modules: state preparation (**A**), CM (**B**), and TPM (**C**). Module A can generate an arbitrary one-copy polarization-encoded state \|Φ〉 or a two-copy polarization path--encoded state \|Φ〉^⊗2^ of a single photon. Module B implements the CM on \|Φ〉^⊗2^. The rotation angle of two β--half-wave plates (HWPs) is adjustable for different unitary processes *U*(θ) with cos^2^2β = 2sin^2^θ. The rotation angles of the other four HWPs are fixed as follows: H~5~, 22.5°; H~6~, 45°; H~8~, 67.5°; H~9~, 45°. Module C implements the TPM schemes on \|Φ〉, and the rotation angle of the two γ-HWPs is adjustable and can implement different *U*(θ) with θ = 2γ. SPD, single-photon detector; FC, fiber coupler; BD, beam displacer; M, mirror; BBO, β-barium borate; IF, interference filter.](aav4944-F1){#F1}

We consider unitary process of the form *U*(θ) = cos θσ~*z*~ + sin θσ~*x*~, where σ~*x*~ and σ~*z*~ are Pauli operators and the parameter θ is tunable. For such *U*(θ)'s, we have λ = tanθ (θ ∈ \[0, π/4\]), leading to$$\begin{array}{lc}
 & {\mathit{M}_{\text{CM}}^{(00\prime)} = |0\rangle\langle 0| \otimes (\text{cos}^{2}\theta\mathbb{I} + \text{sin}^{2}\theta\sigma_{\mathit{x}})} \\
 & {\left. \mathit{M}_{\text{CM}}^{(01\prime)} = 2\text{sin}^{2}\theta|0 \right\rangle\langle 0| \otimes | - \rangle\langle - |} \\
 & {\mathit{M}_{\text{CM}}^{(10\prime)} = 2\text{sin}^{2}\theta|1\rangle\langle 1| \otimes | + \rangle\langle + |} \\
 & {\left. \mathit{M}_{\text{CM}}^{(11\prime)} = |1 \right\rangle\langle 1| \otimes (\text{cos}^{2}\theta\mathbb{I} - \text{sin}^{2}\theta\sigma_{\mathit{x}})} \\
\end{array}$$with $| \pm \rangle = (|0\rangle \pm |1\rangle)/\sqrt{2}$. These measurement operators $\mathit{M}_{\text{CM}}^{(\mathit{i}\mathit{j}\prime)}$, associated to the transitions \|*i*〉 → \|*j*′〉, are the ones implemented in the experiment (together with the TPM scheme).

Experimental setup
------------------

The whole experimental setup is illustrated in [Fig. 1](#F1){ref-type="fig"} and can be divided into three modules: state preparation module (A), CM module (B), and TPM module (C). In module A, a single-photon state is generated through a type II beam-like phase-matching β-barium borate crystal pumped by an 80-mW continuous-wave laser (with a central wavelength of 404 nm) via spontaneous parametric down-conversion ([@R34]). The initial state can be written as \|0〉^⊗2^, with the first (second) state encoding the path (polarization) of the photon. Then, the combined action of BD~1~ and H~1,2,3~ transforms the initial state into a two-copy state \|Φ〉^⊗2^, with$$|\Phi\rangle = \sqrt{\mathit{p}_{0}}|0\rangle + \sqrt{\mathit{p}_{1}}|1\rangle$$where *p*~0~(*p*~1~) is tunable in our experiments, denoting the population of photons initialized in state \|0〉(\|1〉), and *p*~0~ + *p*~1~ = 1. Details of this transformation are provided in the Supplementary Materials. Module A also allows the generation of a one-copy qubit state in [Eq. 9](#E9){ref-type="disp-formula"}, which is fed into the TPM measurement.

The CM scheme is deterministically realized in module B of [Fig. 1](#F1){ref-type="fig"}. When \|Φ〉^⊗2^ enters the CM module, the projector \|*i*〉〈*i*\| (*i* = 0, 1) in [Eq. 5](#E5){ref-type="disp-formula"} on the first copy (path-encoded) is implemented. The information obtained is then fed into a two-element POVM on the second copy (polarization-encoded). If the outcome of the path measurement reads 0, then the POVM elements on the second copy are $\text{cos}^{2}\theta\mathbb{I} + \text{sin}^{2}\theta\sigma_{\mathit{x}}$ and 2sin^2^θ\|−〉〈−\| with outcomes 00′ and 01′; this is done by H~8~, H~9~, β-H~10~, BD~4~, and BD~5~. Note that β-H~10~ implements the unitary transformation *U*(θ) through a tunable angle β, satisfying cos^2^2β = 2sin^2^θ. Similarly, if the outcome reads 1, then the POVM elements 2sin^2^θ\|+〉〈+\| and $\text{cos}^{2}\theta\mathbb{I} - \text{sin}^{2}\theta\sigma_{\mathit{x}}$ are realized through H~5~, H~6~, β-H~7~, BD~2~, and BD~3~ (see [Fig. 1](#F1){ref-type="fig"}). As in the previous case, β-H~7~ implements the unitary *U*(θ), with arbitrary θ, by setting θ to cos^2^2β = 2sin^2^θ. See Materials and Methods for more details on module B.

A comparative experiment is performed in module C for simulating the TPM scheme. After the preparation of the one-copy state, the polarization-encoded photon directly enters the TPM measurement, which is conducted by a first polarization measurement, followed by γ-H~11~ and γ-H~12~ implementing the unitary *U*(θ) (θ = 2γ), and finally sequential projections on the polarization. The parameter γ is tunable and set to θ = 2γ to implement *U*(θ). In summary, the four $\mathit{M}_{\text{TPM}}^{(\mathit{i}\mathit{j}\prime)}$ POVM elements can be experimentally realized in this setup, which can simulate coherent processes *U*(θ) with arbitrary θ.

Experimental results
--------------------

We conduct both two schemes for different initial states and unitary processes, with the aim of characterizing the measurement back action. To characterize coherent states and coherent evolutions, we use l-1 norm coherence *C*~l1~(ρ) ([@R35]) and cohering power of a unitary $\mathcal{C}(\mathit{U})$ ([@R36]). The l-1 norm coherence measures the degree of interference between different energy bases, and the cohering power quantifies the maximal coherence that can be generated from incoherent states (for more details, see the Supplementary Materials).

The experiments are divided into two parts. In the first part, both measurement schemes are implemented on a pure maximally coherent input state \|+〉 undergoing different unitary processes *U*(θ). In the second part, we test the above two measurements on various input \|Φ〉 while fixing *U*(θ).

To make a quantitative analysis on the back action, we compare the probability distributions of ending in state \|*j*′〉, with *j*′ = {0, 1}, for the unmeasured and measured states---by either TPM or CM. The strength of the measurement back action is quantified by the fidelity $\mathcal{F}$ between both distributions so that, for $\mathcal{F}$ = 1, there is no back action. The probability distribution of the unmeasured final state can be computed as $\mathit{P}_{\text{Id}}^{(\mathit{j}\prime)} = {|\langle\mathit{j}\prime|\mathit{U}(\theta)|\Phi\rangle|}^{2}$ with *j*′ = 0, 1, whereas the measured final distribution is obtained as ${\overset{\sim}{\mathit{P}}}_{\text{CM}}^{(\mathit{j}\prime)} = \sum_{\mathit{i}}{\overset{\sim}{\mathit{P}}}_{\text{CM}}^{(\mathit{i}\mathit{j}\prime)}$ and ${\overset{\sim}{\mathit{P}}}_{\text{TPM}}^{(\mathit{j}\prime)} = \sum_{\mathit{i}}{\overset{\sim}{\mathit{P}}}_{\text{TPM}}^{(\mathit{i}\mathit{j}\prime)}$ for the CM and TPM schemes, respectively, where the superscript in $\overset{\sim}{\mathit{P}}$ indicates that it is obtained from experimental data.

To illustrate our results, we first consider the evolution of $| + \rangle \equiv (|0\rangle + |1\rangle)/\sqrt{2}$ toward \|0〉 through *U*(π/4). The measured probabilities ${\overset{\sim}{\mathit{P}}}^{(\mathit{i}\mathit{j}\prime)}$ are shown in [Fig. 2](#F2){ref-type="fig"}, plotted as red and blue cylinders for the CM and TPM schemes, respectively. The theoretical values for both schemes are shown with a black-edged transparent cylinder. We observe strong differences between the TPM and CM distributions, with the latter results naively expected from the unmeasured evolution \|+〉 → \|0〉. The probabilities for ending in 0′ and 1′ are given by ${\overset{\sim}{\mathit{P}}}_{\text{CM}}^{(0\prime)} = 0.996$ and ${\overset{\sim}{\mathit{P}}}_{\text{CM}}^{(1\prime)} = 0.004$ for the CM and by ${\overset{\sim}{\mathit{P}}}_{\text{TPM}}^{(0\prime)} = 0.498$ and ${\overset{\sim}{\mathit{P}}}_{\text{TPM}}^{(1\prime)} = 0.502$ for the TPM, while the unmeasured evolution yields $\mathit{P}_{\text{Id}}^{(0\prime)} = 1.0$ and $\mathit{P}_{\text{Id}}^{(1\prime)} = 0.0$. The fidelity, which measures the back action, for the above two schemes reads *F*~CM~ = 0.998 and *F*~TPM~ = 0.706, respectively.

![Transition probabilities for the initial state \|+〉 and the unitary *U*(π/4) from experimental data.\
Experimental results for the transition probabilities of the CM and TPM measurements correspond to the red and blue cylinders, respectively. (**A**) The factual transition *U*(π/4) takes an initial maximally coherent state \|+〉 to an incoherent pure state \|0〉, and the quantum states are shown by Bloch representation. (**B**) The transition probabilities for the CM are ${\overset{\sim}{\mathit{P}}}_{\text{CM}}^{(00\prime)} = 0.464,{\overset{\sim}{\mathit{P}}}_{\text{CM}}^{(10\prime)} = 0.532,{\overset{\sim}{\mathit{P}}}_{\text{CM}}^{(10\prime)} = 0.001,\text{and}{\overset{\sim}{\mathit{P}}}_{\text{CM}}^{(11\prime)} = 0.003$, and the results of the TPM are ${\overset{\sim}{\mathit{P}}}_{\text{TPM}}^{(00\prime)} = 0.244,{\overset{\sim}{\mathit{P}}}_{\text{TPM}}^{(10\prime)} = 0.254,{\overset{\sim}{\mathit{P}}}_{\text{TPM}}^{(10\prime)} = 0.275,\text{and}{\overset{\sim}{\mathit{P}}}_{\text{TPM}}^{(11\prime)} = 0.227$. The theoretical fitting values are shown by black-edged transparent cylinders.](aav4944-F2){#F2}

Experimental results for different coherent processes are shown in [Fig. 3](#F3){ref-type="fig"}. The cohering power is tuned by the rotation angle β of H~7~ and H~10~ from 0° to 45°, resulting in a variation from 0 to 1, taking \|+〉 to various ending states ([Fig. 3A](#F3){ref-type="fig"}). The fidelity between the probability distributions of the unmeasured and measured cases, represented by red and blue discs, respectively, is plotted against the cohering power ([Fig. 3B](#F3){ref-type="fig"}). The experimental data agree very well with theoretical predictions, represented by solid lines (details on the calculation of $\mathcal{F}$ are provided in the Supplementary Materials). As the cohering power increases, the TPM scheme becomes more invasive, while the fidelity provided by the CM remains high. The experimentally observed minimal $\mathcal{F}$ via the CM scheme is 0.963, with a cohering power of 0.834, while in the standard TPM approach, the minimal fidelity drops to 0.706. The results show that CM predicts transition probabilities that are closer to the unmeasured evolution.

![Measurement back action (obtained from experimental data) for various coherent processes.\
Experimental results for the measurement back action, quantified by the fidelity between measured and unmeasured final energy distributions, of the TPM (blue) and CM (red) schemes. The results are obtained by fixing the initial state to a maximally coherent state \|+〉 and for various unitary processes *U*(θ) with θ between 0° and 45°, mapping a fixed input to a class of pure states, as shown in (**A**). The fidelity in (**B**) is plotted against the cohering power of *U*(θ).](aav4944-F3){#F3}

In the second part of the experiments, the above protocol is tested for a fixed *U* with a cohering power $\sqrt{3}/2$ on input states with various initialized coherence *C*~l1~(\|Φ〉) corresponding to different *p*~0~ ranging from 0 to 1 ([Fig. 4A](#F4){ref-type="fig"}). The fidelity for both the CM and TPM schemes is plotted against *p*~0~ in [Fig. 4B](#F4){ref-type="fig"}. In both cases, the experimentally observed minimal fidelity occurs when *p*~0~ = 0.75, with 0.906 and 0.799, respectively. The data match those of theoretical fittings very well.

![Measurement back action (obtained from experimental data) for different initial states.\
Experimental results for the fidelity between the measured and unmeasured final energy distributions, for both the TPM (blue) and CM (red) schemes. The results are obtained for input states of the form $|\Phi\rangle = \sqrt{\mathit{p}_{0}}|0\rangle + \sqrt{\mathit{p}_{1}}|1\rangle$ for various values of *p*~0~ between 0 and 1, and *p*~0~ + *p*~1~ = 1. The unitary is fixed to *U*(π/6) with a cohering power of $\sqrt{3}/2$, mapping a class of pure states to another class of pure states, as shown in (**A**). The experimental results in (**B**) agree well with theoretical predictions.](aav4944-F4){#F4}

CONCLUSION
==========

Describing work fluctuations in genuinely coherent processes remains a subtle and open question in quantum thermodynamics, although relevant progress has been achieved recently ([@R3]--[@R18], [@R37]--[@R39]). Here, we report the first experimental observation of work distributions, or more precisely of transition probabilities, using an implementation based on a CM scheme ([@R17]). Our experimental results show how the CM scheme can reduce the measurement back action, as compared to the standard TPM scheme, yielding transition probabilities that are closer to the unmeasured evolution. However, a full understanding of the CM approach is still in progress. For example, while relatively elegant schemes come up in unitary processes, similar constructions for open processes remain a challenging task.

Our experimental results show that quantum coherence can have an effect on the statistics, which complements previous experimental studies of work fluctuations for diagonal states ([@R40]--[@R43]). Furthermore, by experimentally demonstrating the strength of the CM scheme for reducing the measurement back action, we hope that our results will stimulate new conceptual and technological developments in quantum thermodynamics and quantum information science, where CMs play an important role in numerous tasks ([@R28]--[@R31]).

MATERIALS AND METHODS
=====================

Details on the CM scheme
------------------------

Here, we provided more details on the CM scheme in [Eq. 5](#E5){ref-type="disp-formula"}. Making explicit the dependence on λ$$\left. \mathit{M}_{\text{CM}}^{(\mathit{i}\mathit{j}\prime)}(\lambda) = \mathit{M}_{\text{TPM}}^{(\mathit{i}\mathit{j}\prime)} \otimes \mathbb{I} + \lambda|\mathit{i} \right\rangle\langle\mathit{i}| \otimes \mathit{T}_{\mathit{j}\prime}^{\text{off} - \text{diag}}$$

λ is found by the following optimization procedure$$\lambda = \underset{\alpha}{\text{max}}\left( \alpha:\mathit{M}_{\text{CM}}^{(\mathit{i}\mathit{j}\prime)}(\lambda) \geq 0\forall\mathit{i},\mathit{j} \right)$$

That is, λ is chosen so that the back action is minimized. From [Eq. 6](#E6){ref-type="disp-formula"}, it is clear that, for λ = 1, the back action is minimized and the average measured work by the CM coincides with the unmeasured one in [Eq. 1](#E1){ref-type="disp-formula"}. However, in general, we have the result that 0 \< λ \< 1, which ensures the positivity of the POVM elements so that this measurement scheme is operationally well defined and can be experimentally implemented.

Details on the experimental CM
------------------------------

In the CM module B, the CM scheme is deterministically realized using six half-wave plates (HWPs) and four beam displacers (BDs), as shown in module B of [Fig. 1](#F1){ref-type="fig"}. In particular, a BD displaces the horizontal (H)--polarized photons about 3 mm away from the original path, while the vertical (V)--polarized photons remain unchanged. The action of an HWP with rotation angle *x* implements a unitary transformation on polarization-encoded states$$\begin{array}{lc}
 & \left. |0\rangle\rightarrow\text{cos}2\mathit{x}|0\rangle + \text{sin}2\mathit{x}|1\rangle \right. \\
 & \left. |1\rangle\rightarrow\text{sin}2\mathit{x}|0\rangle - \text{cos}2\mathit{x}|1\rangle \right. \\
\end{array}$$

Note that we have taken 0 ≡ *H* and 1 ≡ *V*.

When \|Φ〉^⊗2^ enters the CM module, the projector \|*i*〉〈*i*\| (*i* = 0, 1) in [Eq. 5](#E5){ref-type="disp-formula"} on the first copy (path-encoded) is implemented as the photon enters into the 0 or 1 path. Then, the photon goes through a two-element POVM on the second copy (polarization-encoded) according to the measurement outcome of the first copy. If the outcome reads 0 (the path 1), the POVM elements on the second copy are $\text{cos}^{2}\theta\mathbb{I} + \text{sin}^{2}\theta\sigma_{\mathit{x}}$ and 2sin^2^θ\|−〉〈−\| with outcomes 00′ and 01′.

To realize these POVMs, the rotation angle for H~8~ was set to 67.5°, resulting in coherent decomposition of a pure polarization-encoded state in the \|+〉 and \|−〉 basis. In particular, we represented the state of [Eq. 9](#E9){ref-type="disp-formula"} in the \| ± 〉 basis, i.e., $|\Phi\rangle = \sqrt{\mathit{p}_{0\prime}}| + \rangle + \sqrt{\mathit{p}_{1\prime}}| - \rangle$. Then, from [Eq. 12](#E12){ref-type="disp-formula"}, H~8~ transforms \|Φ〉 into $|\Phi\prime\rangle = \sqrt{\mathit{p}_{0\prime}}|\mathit{V}\rangle + \sqrt{\mathit{p}_{1\prime}}|\mathit{H}\rangle$. Note that $| \pm \rangle = \frac{1}{\sqrt{2}}(|0\rangle \pm |1\rangle)$, so $\mathit{p}_{0} = \frac{1}{2}{(\sqrt{\mathit{p}_{0\prime}} + \sqrt{\mathit{p}_{1\prime}})}^{2}$ and $\mathit{p}_{1} = \frac{1}{2}{(\sqrt{\mathit{p}_{0\prime}} - \sqrt{\mathit{p}_{1\prime}})}^{2}$. Then, after passing BD~4~, the H-polarized photon (aforementioned \|−〉 component of \|Φ〉) is displaced by BD~4~ and goes through a β-HWP (H~10~), with a tunable angle β controlling the parameter θ of the unitary process (cos^2^2β = 2sin^2^θ). β-HWP~10~ transforms the H-polarized photon (\|0〉) into a linearly polarized photon state cos 2β\|0〉 + sin 2β\|1〉. Then, BD~7~ displaces the cos^2^2β fraction of the aforementioned \|−〉 component (now H-polarized) for the measurement $\mathit{M}_{\theta}^{(01^{\prime})}$. The remaining sin^2^2β part of \|−〉 component (now V-polarized) is combined with the aforementioned \|+〉 component of \|Φ〉 (now H-polarized) by BD~5~ to obtain the measurement $\mathit{M}_{\theta}^{(00\prime)}$. Similarly, the POVM elements $\mathit{M}_{\theta}^{(10^{\prime})}$ and $\mathit{M}_{\theta}^{(11^{\prime})}$ can be realized by decomposing the polarization input into \|±〉 and letting the \|+〉 component go through an H~7~ with angle β. The two β-HWPs are highlighted in red in [Fig. 1](#F1){ref-type="fig"}, as this setup is capable of realizing arbitrary unitary operations *U*(θ), where we recall that cos^2^2β = 2sin^2^θ.

Supplementary Material
======================

###### http://advances.sciencemag.org/cgi/content/full/5/3/eaav4944/DC1

###### Download PDF

**Funding:** K.-D.W., Y.Y., G.-Y.X., C.-F.L., and G.-C.G. acknowledge support from the National Nature Science Foundation of China (NSFC; 11574291 and 11774334), National Key R&D Program (2016YFA0301700), and Anhui Initiative in Quantum Information Technologies. M.P.-L. acknowledges support from the Alexander von Humboldt Foundation. and from the Deutsche Forschungsgemeinschaft (DFG,German Research Foundation) under Germany's Excellence Strategy--EXC-2111 -- 390814868. **Author contributions:** G.-Y.X. conceived and supervised the project. M.P.-L. designed the theoretical protocol. K.-D.W. designed and implemented the experiments with the assistance from Y.Y. and G.-Y.X. K.-D.W. analyzed the experimental data with the help of G.-Y.X., C.-F.L., and G.-C.G. K.-D.W., G.-Y.X., and M.P.-L wrote the paper with contributions from all authors. **Competing interests:** The authors declare that they have no competing interests. **Data and materials availability:** All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials. Additional data related to this paper may be requested from the authors.

Supplementary material for this article is available at <http://advances.sciencemag.org/cgi/content/full/5/3/eaav4944/DC1>

Section S1. Theoretical aspects

Section S2. Experimental aspects

Table S1. Experimental data for different coherent processes.

Table S2. Experimental data for states with various initial coherence.
